The benefits of bioluminescence for nonsymbiotic marine bacteria have not been elucidated fully. One of the most commonly cited explanations, proposed more than 30 y ago, is that bioluminescence augments the propagation and dispersal of bacteria by attracting fish to consume the luminous material. This hypothesis, based mostly on the prevalence of luminous bacteria in fish guts, has not been tested experimentally. Here we show that zooplankton that contacts and feeds on the luminescent bacterium Photobacterium leiognathi starts to glow, and demonstrate by video recordings that glowing individuals are highly vulnerable to predation by nocturnal fish. Glowing bacteria thereby are transferred to the nutritious guts of fish and zooplankton, where they survive digestion and gain effective means for growth and dispersal. Using bioluminescence as bait appears to be highly beneficial for marine bacteria, especially in food-deprived environments of the deep sea.
B
ioluminescence is common in the marine environment, occurring in numerous organisms, from bacteria to invertebrates and fish (1, 2) . Bacterial bioluminescence occurs as a continuous glow in the presence of oxygen at cell concentrations exceeding quorum-sensing levels (3) (4) (5) (6) . Luminous bacteria occur free-living in seawater (7, 8) , in symbiotic associations with marine organisms (most notably fish and squids; see refs. 7 and 8 and references therein), as saprophytes on suspended organic material such as marine snow (9, 10) , as a major component of fecal pellets (11) (12) (13) , and as parasites on crustaceans (14) .
Although the adaptive benefits of energetically costly bioluminescence in symbiotic bacteria are well understood (e.g., 7, 15) , those benefits in nonsymbiotic bacteria and those living as ectoparasites on zooplankton are less obvious. Several different physiological and biochemical functions of bacterial bioluminescence have been proposed (7, (16) (17) (18) (19) (20) , focusing mostly on antioxidative activity, enhanced DNA repair, and UV resistance, although the validity of some of these hypotheses has been questioned (21) .
An ecological function in propagation and dispersal also has been postulated (6, 7, 22) . According to this hypothesis (hereafter, "bait hypothesis"), the bacteria, by glowing, visually mark the presence of a food particle for fish in order to get into their nutritious guts. So far, this hypothesis was supported by circumstantial evidence showing that luminous bacteria thrive in and survive passage through fish guts (7, 12, 23, 24) . Here we propose that the mechanism underlying the bait hypothesis is based on the following steps: (i) Quorum sensing assures that bacterial bioluminescence is a reliable signal of the presence of food aggregates, e.g., marine snow; (ii) zooplankton is attracted to luminous particles and grazes on the bacteria-rich organic matter; (iii) because of its contact with or ingestion of the luminous bacteria, the zooplankton itself becomes glowing; (iv) the glowing zooplankton is detected readily and consumed by fish; (v) once in the gut of either zooplankton or fish, the bacteria gain a nutritious environment for growth and a fast-moving vehicle for wide dispersal. The scheme may be shortened by fish that directly detect and consume glowing organic particles without zooplankton being involved, or by zooplankton that propagates bacteria in its feces.
The objective of this study was to test the following key points of the bait hypothesis: (i) visual attraction of zooplankton to bacterial bioluminescence; (ii) promotion of glow in zooplankton contacting/ingesting luminous bacteria (using planktonic brine shrimps as a surrogate for zooplankton); (iii) attraction of zooplanktivorous fish to glowing prey; and (iv) survival by bacteria of gut passage in both zooplankton and fish.
Results
Zooplankton Attraction to Bacterial Bioluminescence. A large (135-L) experimental sea-water tank was used to examine whether the luminescence of marine bacteria (Photobacterium leiognathi) attracts zooplankton. A dialysis bag (20 mL) containing luminous bacteria, used as a bait, was placed at one corner of the tank; an identical bag containing a culture of a dark mutant of P. leiognathi was placed at the opposite corner. Significant changes in zooplankton distribution within the tank were noticeable within 15 min. Decapods and mysids were found almost exclusively (one-sample t-test, P < 0.001 for both decapods and mysids) over the glowing net, whereas copepods showed no significant attraction (P = 0.269) to either net (Fig. 1) . Similarly, no difference was found for nonmotile organisms (spherical fish eggs and Pyrocystis spp.; P = 0.34), which served as in internal control. Together these four groups constituted on average 85% (range, 73-90%) of the plankton captured in our samples. Other taxonomic groups were too rare to be included reliably in this comparison.
Zooplankton Turns Luminescent upon Contacting P. leiognathi
Cultures. The brine shrimp Artemia salina (hereafter "Artemia") became luminescent after swimming for only 10 s in a liquid culture of P. leiognathi, as well as after swimming for 2.5 h in the suspension of small particles of bioluminescent P. leiognathi colonies. As revealed by long-exposure photographs, the luminescence in the guts of Artemia was clearly visible from outside, with additional glow produced by bacteria attached externally to the exoskeleton and appendages (Fig. 2) . Similarly, nonglowing individual marine mysids, Anisomysis marisrubri, freshly trapped in the sea, started to glow after contacting a diluted culture of P. leiognathi. fish were consumed readily ( Fig. 3 and Movie S1), compared with rare occasions of predation on nonglowing specimens. As the video recordings revealed, the predation on nonglowing specimens occurred only when the prey drifted by chance directly toward the fish's head. The effect of glow of the prey on fish predation was highly significant (two-way ANOVA, F 1,18 = 275.648, P < 0.0001), whereas the effect of the identity of the fish was not significant (two-way ANOVA, F 2,18 = 0.990, P = 0.39). Analysis of the video recordings revealed that the fish actively attacked and consumed glowing prey (Movie S1), whereas the nonglowing prey passed undetected even at very close proximity to the fish (Movie S2). Glowing prey were detected by the fish from a distance of up to 26.8 cm, near the limit allowed by the working section of the flume. In fact, video records revealed that the fish occasionally swam to the upstream part of the working section and seemed to wait for the prey to arrive. This behavior suggests that the fish detected the prey even before it entered its feeding chamber (at a distance >30 cm).
Bacteria Survive and Luminesce Strongly Following Passage Through
Zooplankton and Fish Guts. Glow was detected clearly in the fecal pellets of Artemia that fed on detached colony particles of luminous P. leiognathi (Fig. 4) , indicating that the luminescent bacteria survived the passage through the guts. Similarly, viable luminescent P. leiognathi cells were found in the fecal pellets passed by the marine mysid A. marisrubri after the mysids were allowed to feed in a diluted culture of the bacterium. The average number ± SE of luminous cfu per fecal pellet in these pellets ("second-step" pellets; Materials and Methods) was 1,100 ± 183, several orders of magnitude higher than in the pellets collected from the same mysid individuals before exposure to the bacterial culture ("first-step" pellets) and control ("third-step") pellets (0.05 ± 0.03 and 21 ±14 respectively; paired t test, P < 0.005, for details see Materials and Methods).
High concentrations of viable P. leiognathi were found also in the feces of the fish A. annularis that had fed on luminous Artemia. The abundance of luminous cells in these feces was five orders of magnitude higher than in the feces of the fish that had fed on nonluminous Artemia (1.35 × 10 5 vs. <10 cfu in the tested feces samples, respectively).
Discussion
Our study provides experimental evidence for some key steps of the bait hypothesis, elucidating the benefits of bioluminescence in marine nonsymbiotic bacteria. According to this hypothesis, zooplankton is attracted to luminous particles rich in organic food; because luminescence is quorum-dependent, particles that are poor in available organics are unlikely to sustain a sufficiently high density of bacteria to generate luminescence (the quorumsensing threshold of P. leiognathi is ∼10 8 ·mL −1 ; Fig. S1 ).
The next prediction of the bait hypothesis is that, on contact with and ingestion of luminous particles, the zooplankton itself starts to glow, thereby attracting its own predators, such as fish. The advantage to the bacteria is obvious: By surviving digestion in the guts of both zooplankton and fish, the bacteria gain a nutrient-rich, sheltered environment for proliferation as well as an efficient means of dispersal. The advantage for zooplankton is less obvious because of the tradeoff between the gain provided by organic-rich food and the cost incurred by a higher risk of predation.
To examine the bait hypothesis, we experimentally tested its key steps. First, we documented the visual attraction of marine zooplankton to bacterial bioluminescence (Fig. 1) . Bioluminescence in most marine bacteria peaks at the wavelength of ∼490 nm (25), which, not surprisingly, is near the wavelength least absorbed in seawater (26) . Several zooplankton taxa [e.g., two species of the copepod Pleuromamma (27), hyperiid amphipods (28) , and some deep-sea crustaceans (29) ] were shown to be sensitive to similar wavelengths. Mesopelagic crustaceans have a single peak of spectral sensitivity at 470-500 nm, presumably exhibiting greater sensitivity to bioluminescence than to downwelling light (30) . Bacterial bioluminescence might be used by zooplankton as a visual cue during its search for food; such a cue is likely to be detectable in the dark at much greater distances than chemical or mechanical cues.
Our laboratory experiments also corroborated the second step of the bait hypothesis, that contacting or ingesting luminous bacteria imparts sustained glow in the zooplankter (Fig. 2 and  Fig. S2 ). Although our experiment did not differentiate between the glow generated by externally attached bacteria and those ingested (Fig. 2) , both sources are likely to occur in nature and are not mutually exclusive. Artemia was used in this study as a surrogate for actual zooplankton prey because it is readily eaten by zooplanktivorous fishes (31) (32) (33) (34) (35) , is easy to handle, and lacks evasive behavior. The third characteristic was expected to reduce the variability of successful predation by the fish, allowing better separation of the effect of luminescence in our predation experiment. The potential bias of our reliance on a nonmarine zooplankton, Artemia, is alleviated by the findings that the marine mysid A. marisrubri also glows after contacting bioluminescent P. leiognathi, and that the intensity of its glow is similar to that of the glowing Artemia. Although A. marisrubri resides in shallow waters (36), we assume that the mechanism by which these two animals become luminous after contacting P. leiognathi is not different from that of other, open-water, planktonic crustaceans, all having a partly transparent, chitinous exoskeleton and numerous appendages.
The third step of the bait hypothesis is corroborated by our findings that the glow promoted in zooplankters after contacting luminescent bacteria greatly enhances their vulnerability to visual predators in the dark (Fig. 3 and Movies S1 and S2). Contacting the bacteria thus can be risky for the zooplankton. How has such a potentially deleterious characteristic endured natural selection? We propose that the step sequence of the bait mechanism is most applicable for food-deprived environments, such as the deep sea, where the abundance of marine snow decreases with depth (37-39) and food availability becomes a major limiting factor. Because the density dependence of bacterial bioluminescence (3-6) is a reliable indicator of a rich patch of food, the benefit of finding rare food in nutrient-deprived waters may outweigh the increase in predation risk. Marine snow is consumed by zooplankton (40) (41) (42) (43) , and fecal pellets also might be used as a food source through coprophagy (44) (45) (46) . Although our experiments with liquid cultures of P. leiognathi did not fully simulate in situ conditions, the fact that similar glow was promoted in Artemia that ingested particles of the bacterial colonies (Figs. 2 and 4) supports the assertion that glow would be promoted in zooplankton after contacting and ingesting luminous marine snow and fecal pellets in the sea. However, experiments with real marine snow are needed to test this claim explicitly.
High oxygen concentrations are essential for the obligately aerobic process of bioluminescence. Within sinking organic aggregates oxygen concentrations are reported to be >80% of air saturation (47) , whereas other studies demonstrate that oxygendepleted microzones can develop in marine snow aggregates (48, 49) . However, luminescence seems to take priority, because it prevails even at concentrations where the growth of the luminescent bacteria is limited by oxygen (6). Furthermore, some strains of luminous bacteria display increased luminescence at growth-limiting oxygen conditions (6).
Some freshwater bacteria are able to "hitchhike" on migrating zooplankton (i.e., actively to associate and dissociate from them), thereby enhancing their dispersal through the water column (50). Our findings indicate that bioluminescence in bacteria is a very effective means to obtain such hitchhikes. The dispersal rate provided by migrating zooplankton, and even more so by actively swimming fish, is several orders of magnitude greater than that of water-borne free bacteria. Although long-distance dispersal can be costly when individuals are dispersed into habitats less favorable than their origin (51), for wide-spread organisms such as luminous bacteria, found over large depth ranges in different oceanic and coastal habitats (8), the likelihood of reaching an unfavorable environment is small. In addition, long-distance dispersal allows exploitation of new ephemeral resources and reduces the risk of species extinction (52) . However, the most important advantage of being bait seems to be obtaining a lush substrate for growth and proliferation in the guts (Fig. 4) . That luminous bacteria are common in fish guts and survive digestion has been shown in numerous studies (7, 12, 23, 24) . Our findings add to these studies the observation that the bacteria maintain their luminescence in the zooplankton guts, where oxygen levels may be lower than in the open water, and that luminescence in the zooplankton guts is detectable from the outside.
In conclusion, our study shows that quorum-dependent bioluminescence in nonsymbiotic bacteria is a visual attractant for zooplankton and fish, which, in turn, provide the ingested bacteria with lush substrate for proliferation and effective means for dispersal.
Materials and Methods
Bacterial Cultures. The luminous bacterium used in this study was P. leiognathi strain MI1 (SI Materials and Methods) isolated from a depth of 600 m in the Gulf of Aqaba, Red Sea, and identified by 16 S rRNA sequencing using the universal Eubacterial 27-f and 1492-r primers set (53) . To obtain a dark mutant, the wild-type strain was mutagenized with N-methyl-N'-nitro-Nnitrosoguanidine (54) . Clones that failed to glow in the dark were isolated, their taxonomic identity was verified by 16 S rRNA sequencing as described above, and one of these clones (strain MI1d) was selected for use in this study. Bioluminescence of bacterial cultures was verified by visual inspection in a dark room and by measuring the relative luminescence of 1 mL of culture using a custom-made luminometer (Model 597D; Technion). Luminescence intensity of the cultures used in feeding experiments (see below) varied between 8 × 10 10 and 1. The nets were tied to a long horizontal rod that allowed their lifting out of the water simultaneously, thereby collecting the zooplankton swimming above each net. Dialysis bags (SnakeSkin pleated dialysis tubing; Thermo Scientific) filled with 20 mL of either a bioluminescent or a dark-mutant culture of P. leiognathi were placed at the center of the two nets (hereafter "glowing" and "dark" nets, respectively), with their ends connected to small weights serving as anchors. The positions of the bioluminescent bait and its dark control were switched between the two nets in consecutive runs.
Starting 0.5-1 h after sunset, zooplankton was sampled by two swimmers horizontally towing a plankton net (50-cm mouth diameter, 300-μm mesh size) close to the sea surface for 15-20 min. The collected plankton was transferred gently to a 1-L jar and afterward was introduced slowly into the experimental tank through a plastic pipe held at the center of the tank to minimize turbulence-related plankton dispersal in the tank. The tank then was covered with a light-tight cover, and the introduced zooplankton was allowed to swim in the tank undisturbed for 15 min.
After 15 min the two hand nets were lifted simultaneously. The animals trapped in each hand net were preserved in 4% buffered formalin and transferred to the laboratory for later counting under a dissecting microscope. The experiment was carried out eight times, twice each night for four nights between November 9, 2009, and November 24, 2009. The number of individuals in each taxonomic group in the glowing net was divided by the corresponding total trapped in both nets, yielding a proportion value between 0 and 1, indicating complete avoidance or complete attraction to bacterial luminescence, respectively. A value of 0.5 was expected for taxa that do not respond to the bacterial luminescence. annularis per run (n = 4) in a recirculating flume in complete darkness. Each run lasted 2.5 min. The effect of prey glow on fish predation was highly significant (two-way ANOVA, F 1,18 = 275.648, P < 0.0001), whereas the effect of fish identity was not significant (two-way ANOVA, F 2,18 = 0.990, P = 0.39). Production of Glowing Prey. Prey used in the fish-feeding experiment (see below) were live, adult brine shrimps A. salina ("Artemia"), ∼1 cm in length, with no egg sac. Fresh specimens were collected every few days and kept unfed in aerated aquaria filled with filtered sea water (FSW, filtered through 0.7-μm Whatman glass microfibre filters). Before each fish-feeding run (see below), about 15 adult Artemia were placed for 10 s in a liquid culture of bioluminescent P. leiognathi, thoroughly rinsed with FSW in a sieve with a mesh size of 55 μm, and allowed to swim freely for 5 min in 500 mL of FSW. After the presence of glow was verified in each individual, a batch of 10 glowing Artemia was separated for later use in the fish-predation experiment. Control experiments used an identical protocol with the bacterium's dark mutant. Repetitive luminescence measurements of the same batch of glowing Artemia (n = 5 batches) indicated that detectable glow persisted for several hours, declining in the first 20 min to 37% of the initial value and declining further to 16% of the initial value after 2 h (Fig.  S2) . Artemia, a nonmarine animal, was used because of its availability in large quantities of similar size and its excellent tolerance of the laboratory handling. A complementary test of glow promotion in a marine zooplankter was carried out with the mysid A. marisrubri, found in the shallow waters off IUI. Ten adult mysids (∼1 cm in length) were separated from a plankton hand net, allowed to swim for 1 min in a diluted bioluminescent bacterial culture, briefly washed with FSW, and allowed to swim in FSW for 5 min. Their luminescence was measured in the luminometer.
Because luminous bacteria in the ocean often occur on organic particles such as marine snow and fecal pellets, we also tested whether the ingestion of small luminous particles would induce a glow in Artemia. Here the animals were allowed to graze for 2.5 h on minute pieces of bioluminescent P. leiognathi colonies suspended in a beaker filled with FSW (SI Materials and Methods). A strong glow resulted both inside the guts (visible from outside) and on the external body surface (Fig. 2) .
Fish-Feeding Experiments. The effect of glow on detectability by predators was examined with the glowing Artemia as prey and the small (7-10 cm) nocturnal zooplanktivorous fish A. annularis, common in shallow reefs throughout the Red Sea, as predator. The fish is a visual predator with excellent light sensitivity, previously demonstrated to detect nonglowing prey (>1 mm in length) from a distance of up to 20 cm under light conditions equivalent to a few meters depth on a clear, moonless night (33) . Relying only on visual cues, the fish is unable to detect prey in complete darkness (33) . Therefore, our feeding experiment was carried out in a fully darkened laboratory, using a large laboratory flume (2 m long, 30 × 30 cm in crosssection) (32) operated at a flow speed of 6 cm·s −1 (SI Materials and Methods). Feeding rates on glowing and nonglowing Artemia were measured under IR illumination as previously described (33), using an IR-sensitive video camera to record the behavior of the fish. Each trial consisted of two parts. In each part, 10 glowing or 10 dark (control) Artemia were offered to a single fish in the flume. One or two trials were carried out each night; the order of glowing and control Artemia offerings was randomized. Four complete trials were carried out with each of three individual A. annularis. Satiation was unlikely, because A. annularis can consume >20 adult Artemia (33) continuously, and the maximum number consumed each night in our experiment never exceeded 11. The experiment protocol (SI Materials and Methods) was based on measurements of the total number of Artemia consumed during 2.5 min. The video records were used to measure the reactive distance, defined as the distance between the fish and prey at the time of strike initiation.
Luminous Bacteria in Feces of Fish and Zooplankton. To examine whether P. leiognathi survives the passage through the digestive tract of A. annularis, a fish which previously had been starved for 24 h was fed with 20 glowing Artemia, washed with FSW, transferred to a 2-L plastic tank filled with FSW, and allowed to defecate overnight. In the morning the feces were washed thoroughly with sterilized FSW, torn apart using a sterilized needle, suspended in 1 mL sterilized FSW, and, after serial dilutions, were spread on seawater-based LB agar plates. The plates were incubated at 30°C overnight, and the number of luminous cfu was determined. To assess the possibility that luminous bacteria were present initially in the gut of A. annularis, another fish was fed with 20 nonluminous Artemia, and its feces were analyzed similarly.
P. leiognathi's survival of the passage through the digestive system of the marine mysid A. marisrubri was examined similarly in fecal pellets produced by bacteria-fed mysids. Eight mysids, freshly caught by a hand net in the shallow reef in front of the IUI, were allowed to swim and empty their guts in a Petri dish filled with sterile FSW. Their fecal pellets were collected 1.5 h later (hereafter "first-step" pellets). Immediately afterward these mysids were transferred to a dilute culture of luminescent P. leiognathi for 5 min, washed with FSW, allowed to swim in FSW for additional 5 min, and then were placed in sterile FSW, from which their fecal pellets were collected 1.5 h later (hereafter "second-step" pellets). Because the second-step pellets could have been contaminated with P. leiognathi shed from the mysids' outer skeleton, control "third-step" pellets were produced by immersing some of the first-step pellets for 1.5 h in dishes filled with the water in which the second-step pellets were produced. Care was taken that this water was free of mysids and pellets. Thus second-and third-step pellets were exposed to the same water for the same duration. All pellets were examined for the presence of luminous bacteria using an identical protocol (SI Materials and Methods).
Statistical Analyses. A paired t test was performed where the comparison was based on paired data (e.g., number of luminous cfu in step 1 and step 2 pellets). Means of bioluminescence intensity in Artemia and mysids were compared using a two-sample t test, whereas a one-sample t test was used to test the difference between the mean proportion of each zooplankton taxon in the "glowing" net and the expected proportion of 0.5. Two-way ANOVA was used to test for the effect of bacteria-promoted luminescence in Artemia and the effect of fish on the predation of A. annularis, after testing for homogeneity of variance using the Cochran test. Statistical analyses were carried out using SYSTAT (version 9 for Windows).
